Summary A study was made evaluating the use of radiation-induced cell cycle delay in lymphocytes to predict tumour response to radiotherapy. Peripheral blood lymphocytes were isolated from whole blood from 49 patients with head and neck cancer before treatment with radiotherapy and from 25 healthy donors. The clinical response to radiotherapy was assessed at 0-2 months after treatment. The level of radiation-induced cell cycle delay was measured using flow cytometry after mitogen stimulation of lymphocytes. The analysis of ten normal donors gave no significant difference in variability between the intra-assay and the intra-donor samples. However, the cell cycle data for lymphocytes from these healthy donors showed significant inter-individual differences in G2 phase accumulation. Patients showing no response to radiotherapy had a high level of S-phase cells compared with partial (P < 0.001) and complete responders (P = 0.016). An inverse relationship was found when analysing the fraction of cells in G2 (P= 0.009 and 0.034 respectively). In general, healthy donors had similar cell cycle kinetics compared with the non-responders. In conclusion, the result indicates that radiation-induced cell cycle delay in lymphocytes is inversely correlated with tumour response to radiotherapy in head and neck cancer patients. However, the value of the present test for predicting individual tumour response is limited, because of assay variability and overlap between groups.
Several studies have described potentially useful assays for predicting patients' response to radiotherapy (RT). Traditionally, tests of intrinsic tumour radiosensitivity have made use of either colony-forming (West et al, 1991) or population-growth assays (Brock et al, 1989) , but there is an abundance of other approaches (West, 1994) . Recently, there has been increasing interest in normal tissue radiosensitivity assays that use skin fibroblasts or peripheral blood lymphocytes (PBLs). The ability of these assays to predict normal tissue response to RT in individual cancer patients has been tested (Bentzen, 1997) . It is also interesting to assess whether or not normal tissue radiosensitivity also reflects tumour radiosensitivity. Dahlberg et al (1993) reported a correlation in radiosensitivity between sarcoma cells and fibroblasts derived from the same patient. Also, Geara et al (1996) found an association between normal tissue reaction and tumour radiosensitivity in head and neck cancer patients after definitive RT. These studies suggest that there are common genetic factors that govern the individual radiosensitivity in both normal tissue and tumour cells.
The use of PBLs in predicting an individual's radiosensitivity is attractive, as PBLs are easily collected and usually rapidly assayed. Most of the studies that use PBLs from healthy donors demonstrate no evidence for interindividual variation in radiosensitivity (Green et al, 1991; Nakamura et al, 1991; Geara et al, 1992) , nor a correlation between in vitro radiosensitivity of PBLs and in vitro or in vivo radiation response of other cell types (Kushiro et al, 1990; Green et al, 1991; Geara et al, 1992 Geara et al, , 1993 . Only a few studies have shown significant differences in the radiosensitivity of PBLs from one person to another (Elyan et al, 1993; Ramsay and Birrell 1995; West et al, 1995) .
In the present study, we irradiated mitogen-stimulated PBLs from head and neck cancer patients and measured accumulation of cells in S-and G2 phases. These kinetic data were compared with outcome of RT, which was given with curative intent. PBLs from healthy donors were used for comparison and analysis of intradonor and intra-assay variability.
MATERIALS AND METHODS Cell material and clinical data
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The PBL fraction along with other mononuclear cells was isolated from blood samples by differential centrifugation in lymphoprep (Nycomed, density 1.077, speed 750 g at 4°C for 20 min). The mononuclear preparation was purified of macrophages using the British Journal of Cancer (1998) 77(4), 643-649 technique of iron absorption. The cells were then stimulated using a combination of 6 jig ml' concanavalin A (Con A) and 25 ng ml-' phorbol 12-myristate 13-acetate (PMA). These drugs were used because of their combined effects in initiating two different pathways that participate in cell activation and cell cycle progression (Crabtree, 1989) . Cells were incubated at 37°C in RPMI 1640 medium supplemented with 10% fetal calf serum, 1% Hepes buffer, L-glutamine (2 mM) and PEST (penicillin 2.4 IU ml-' and streptomycin 2.4 jig ml-'). The initial concentration of cells in culture was 2.5-3.5 x 106 cells ml-'. Twenty-four hours after mitogen stimulation the cells were irradiated (0, 2, 4 and 8 Gy) in culture medium at ambient room temperature (Siemens, 250 kV, 15 mA, 0.5-mm Cu-filter, SSD 50 cm, 0.81 Gy min-'). After a further 48 h of incubation at 37°C, the cells were fixed.
For single-parameter DNA analysis, the cells were fixed in phosphate-buffered formalin (4% formaldehyde (w/w), 29 mM sodium dihydrogenphosphate x 2 H20, 47 mm disodium hydrogenphosphate x 2 H20, pH 7.0) at different times up to 72 h after mitogen stimulation. After a fixation time of about 16 h, the formalin was replaced by 95% ethanol and the samples were kept at 4°C. The cells were then incubated in distilled water, treated with subtilisin Carlsberg (0.1% Sigma protease XXIV, 0.1 M Tris, 0.07 M sodium chloride, pH 7.5) and stained by adding DAPI-SR101 solution (8 jiM DAPI, 50 jM sulphorhodamine 101, 0.1 M Tris, 0.07 M sodium chloride, pH 7.5) (Castro et al, 1993) . For two-parameter DNA-protein analysis, the cells were directly fixed in 95% ethanol and kept at 4°C. The staining was performed using DAPI-SRIO solution (8 gM DAPI, 50 jUM sulphorhodamine 101, 0.1 M Tris, 0.07 M sodium chloride, pH 7.5) as described before (Heiden et al, 1990 ). All flow analyses were performed using a PAS II flow cytometer (Partec, Munster, Germany). Up to 50 000 cells were measured per histogram. The protein analysis was internally standardized using fluorescent beads (6.4,m Polychromatic beads; Polysciences, Warrington, CA, USA). During a 10-month period, the analysis of mouse Ehrlich ascites tumour cells fixed in 95% ethanol was repeated using the beads as an internal reference. The mean ± s.d. of the protein values in G, cells was 109.8 ± 8.4 (n = 10), which demonstrates a good reproducibility of the protein analysis. Gating analysis and calculations of protein median values were performed with the help of the PAS II software. For calculation of cell cycle composition, the Multicycle program (Phoenix Flow Systems, San Diego, CA, USA) was used.
We found that, 24 h after the start of mitogen stimulation, cells had entered the G, phase (Figure 1 ) and, 48 h later, approximately 25% of the cells were in S + G2 (Figures 1 and 2) , without changing the total cell number (data not shown). Hence, very few, if any, cells had entered a second cell cycle. Samples with < 10% S + G2 in unirradiated cells 72 h after start of mitogen stimulation were excluded from further evaluation. The data variables, defined as the logarithm of the ratio between the cell cycle phase values of the exposed and the control samples, i.e. the natural logarithm of GI(D)/GI(O), S(D)/S(0) and FG2(D)/FG2(0), were also subjected to two different kinds of multivariate analyses. The first method used was a classificatory discriminant analysis (Dillion and Goldstein, 1984) . This analysis was used to classify observations into two or more known groups (five groups in the present material) on the basis of one or more quantitative variables. The second method used was a cluster analysis (Everitt, 1980) , searching for five distinct groups of individuals based on the nine variables (i.e. different cell cycle stages and radiation doses) for each subject; however this was in contrast to the discriminant analysis, as the categorization was not used.
RESULTS
Analysis of healthy donor: intra-assay, intra-and interdonor variability Analysis of intra-donor and intra-assay variability was carried out using blood samples from ten normal donors. Fresh blood samples from five donors were split into five aliquots and processed for the analysis of intra-assay variability. The remaining five donors were resampled at five different times for the analysis of intra-donor variability. Figures 3A and B show the dose dependence of the two end points for each individual. The dose-response effect is highly significant for both end points (P < 0.001). The analysis shows a significant overall variation between donors for relative S-phase . ' .
_. g ----10 I1. phase, relative to background. Donors 1-5 represents split samples, and 6-10 resampled donors fraction (P < 0.001) but not for relative G2 phase fraction (P = 0.93). However, for the S-phase fraction, this inter-donor variation is almost totally accounted for by a single person (donor 3). The dose-donor interaction has also been tested for both end points and was found to be significant for relative G2 phase fraction (P < 0.001) but not for relative S-phase fraction. Donor 3 deviates with no increase in response from 4 to 8 Gy and, when this donor is excluded, the effect on relative G2 phase fraction for dose-donor interaction is only marginal. No significant difference in variability between the intra-assay (donors 1-5) and the intradonor (donors 6-10) samples could be detected. The results obtained in the intra-assay and intra-donor test showed, for the two analyses, both high and low degrees of reproducibility at the individual level. However, the donor heteroscedasticity in the group of healthy controls is clearly dominated by the intra-assay variability.
Analysis of head and neck cancer patients and healthy donors The clinical information, including the clinical response to RT, is summarized in remaining five patients belonged to the group of NR. Figure 4A shows the mean ± s.e.m. of the relative S-phase fraction for each group. Statistical analysis shows that there is a difference in the level of response between the four groups (i.e. the three patient groups and the HI group; overall test P < 0.001). There is also a clear overall dose-response (P < 0.001) but no significant dose-group interaction (P = 0.69). Figure 4B shows the corresponding means ± s.e.m. of the relative G2 phase fraction for each group. Analysis of this end point shows a difference between the four groups (overall test P = 0.016) and a significant dose-response (P = 0.034) but no significant dose-group interaction (P = 0.43). Table 2 displays the significance for the pairwise comparison between the different groups. The values above the diagonal correspond to the P-values of the S-phase comparisons and show that CR differed significantly from both HI, NR and PR.
As can be seen in Figure 4A , the relative S-phase values in the CR group were lower than in the HI and NR and higher than in the PR group. Figure 4B shows that the relative G2 fractions in the CR group were higher than in the NR group and that the values of the PR cases were higher than in both HI and NR. Table 2 shows that these differences were statistically significant. None of the end points showed any statistically significant correlation to tumour site, stage, sex or age (P > 0.05).
Multivariate statistical analysis Table 3 shows the results of a discriminant analysis. There is good agreement between the predicted category and the observed category for HI, H2, PR and NR, but not for CR. There is no overlap between the two healthy donor groups (HI and H2). For PR and NR, 100% of the patients were correctly classified. The second type of multivariate method used was a cluster analysis. Table 4 shows how the five categories of subjects fall into the five clusters found by the algorithm. Again CR seems to be difficult to categorize falling with about equal proportions in clusters 2-5. Most of the healthy donors fall into cluster 4, showing that the subjects in the two healthy groups are 'close' to each other; most of the PR and NR subjects belong to clusters 2 and 3.
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DISCUSSION
It is of interest to determine whether one can predict the radiosensitivity of tumour tissues based on evaluation of PBLs. In the present study, we addressed this question for patients with head and neck cancer scheduled for curative RT. The in vitro end point was the fraction of PBLs passing to S and G, after irradiation. We used early response as an in vivo indicator of tumour radiosensitivity. Jaulerry et al (1995) showed that tumour regression during and at completion of external RT (early response) is an independent predictive factor of local control in head and neck. When comparing accumulation of cells in S and G1, NR cases differed from CR and PR cases in that they displayed higher S and lower G, accumulation ( Figures 4A and B We also analysed PBLs from healthy donors to study the intraassay and intra-donor variability. Most of the individuals in the two healthy donor groups (H1 and H2) were grouped into the same clusters using multivariate analysis, which differs from the dose-response seen when comparing the two groups (data not shown). However, the H2 group was assayed almost 1 year after the HI group, and this temporal difference might have had an influence on our results. The overall variation in dose dependence between healthy donors was significant in G, phase accumulation, but as the intra-assay variability dominates over the variability seen in the resampled donors, the interpretation is limited and not yet fully understood.
Individuals vary in their sensitivity to ionizing radiation. Defined disorders with radiosensitive phenotypes, such as the ataxia-telangiectasia (AT) syndrome, show that genetic factors can strongly determine the radiosensitivity of humans (Thacker, 1994) . In addition, studies have revealed that cells from AT heterozygotes show increased radiosensitivity (Cole et al, 1988; Weeks et al, 1991; West et al, 1995) . There are ongoing efforts to evaluate a possible role of AT heterozygosity for over-reaction to RT, particularly in breast cancer patients (Weeks et al, 1991; West et al, 1995) . From these studies, it can be observed that in vitro sensitivity of normal cells from some cancer patients may fall into a similar range, as AT heterozygotes do. Interestingly, recent studies have reported changes in cell cycle kinetics after irradiation of AT heterozygote lymphoblastoid cells that are similar to those presented here (Lavin et al, 1992 (Lavin et al, , 1994 Naeim et al, 1994) .
Only a few studies have suggested the existence of a relationship between normal tissue and tumour radiosensitivity. Dahlberg et al (1993) reported a significant correlation between the radiosensitivities of sarcoma cells and fibroblasts derived from the same patient. Whether this correlation had a bearing on clinical tumour response is not known. Furthermore, a recent study suggests the association between tumour control and acute mucosal reaction after RT (Geara et al, 1996) . If genetic differences are abundant that influence intrinsic radiosensitivity of both normal tissue and tumour response to RT, the measurements of such differences could guide us to a more appropriate dosing of RT. Usually the limiting factor in RT treatment is the maximumtolerated dose of normal tissue. The doses used in conventional RT are relatively low to avoid problems in a radiosensitive subgroup of patients. This may result in underdosage in most of the patients.
It has been estimated that identification of the most radiosensitive individuals would allow the use of higher radiation doses in the treatment of the remaining patients, without increasing side-effects (Norman et al, 1988) . Therefore, it would also be of great interest to evaluate the relationship between the cell cycle kinetics of PBLs after in vitro irradiation and clinical normal tissue reponse to RT.
Lymphocytes are known to undergo apoptosis after irradiation (Sellins and Cohen, 1987) . The DNA histograms in the present study show events in the sub-G, region in the stimulated (and irradiated) samples, as shown in Figures 1 and 2 . This sign of DNA loss or nuclear fragmentation indicates cell death. Thus, it is possible that our observations of differences in cell cycle distributions are influenced by apoptosis that could occur with cell cycle phase specificity. However, substantial cell cycle progression occurs after stimulation of PBLs, and it is our impression that the present results mainly reflect differences in cell cycle kinetics.
In conclusion, although the present assay showed a discriminating power between the clinical response groups, the results of the test did not permit prediction of individual outcome of RT with satisfying accuracy.
